L imb-length discrepancy is a wellrecognized phenomenon in the lower extremity, and multiple studies have detailed the potential complications of limb-length inequality including abnormal body posture, altered gait pattern, low back pain, and superolateral hip osteoarthritis. [1] [2] [3] Substantially less data are available regarding upper extremity limb discrepancy as the upper limb is non-weight-bearing and is able to tolerate greater length discrepancy without adversely affecting function or aesthetics. [4] [5] [6] [7] Unlike the lower extremities, which are integral for ambulation, the clinical problems associated with upper extremity length or rotational malalignment typically are not encountered due to differences between the left and right side but rather secondary to the deformity of the affected extremity.
Acquired upper extremity growth arrest leading to limb deformity is a rare yet well-recognized phenomenon with multiple etiologies including trauma and infection. The amount of deformity tolerated and indications for surgical correc-
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Copyright © SLACK inCorporAted n Feature Article tion varies widely and is highly dependent on the specific site of physeal arrest. The majority of previous studies have been small case series focused on a particular anatomic site of growth arrest and outcomes after a specific treatment method, or included hereditary, tumor-related, and acquired causes of growth arrest. This study examined the clinical history and management of acquired causes of growth arrest in all anatomic sites of the upper extremity in pediatric patients.
Materials and Methods
After obtaining institutional review board approval, a retrospective review was conducted of all patients who presented to 3 institutions from 1996 to 2012 with acquired growth arrest. The inclusion criteria for the study were open physes at the time of injury or insult, and radiographic evidence of growth arrest. Patients were excluded if the growth arrest was secondary to tumor or known hereditary etiology. Records were reviewed to determine the cause and site of growth arrest as well as management and complications.
results
Forty-four patients (24 boys and 20 girls) with a total of 51 physeal growth arrests presented at a mean age of 10.6 years (range, 0.8-18.2 years); estimated mean age at the time of physeal insult was 6.9 years (range, 0-15.8 years). Followup was calculated from the initial clinical visit for physeal arrest, with 4 patients being seen only for that evaluation ( Table  1) .
The distal radius was the most common site of arrest (n=24 physes), followed by the distal humerus (n=8), metacarpal (n=6), distal ulna (n=5), proximal humerus (n=4), radial head (n=3), and olecranon (n=1). Physician referral was the reason for presentation in 19 patients, followed by pain (n=13), parent or patient recognition of limb-length discrepancy or functional limitation (n=10), and routine surveillance for potential growth arrest after fracture (n=2). Growth arrest was secondary to trauma (n=22), infection (n=11), idiopathic/unknown (n=6), inflammation (n=2), compartment syndrome (n=2), and avascular necrosis (n=1).
Twenty-three physes were involved in the 22 patients with trauma as the etiology for growth arrest, with the original injury classified as Salter-Harris type II in 8 physes, type III in 1 physis, type IV in 1 physis, and type V in 3 physes. One patient had a supracondylar humerus fracture. In 8 patients, radiographs of the original injury were not available. Six patients underwent percutaneous pinning prior to radiographic evidence of growth arrest.
Of the 15 physes involved in the 11 patients with infection as the cause of growth arrest, 2 patients were treated initially with intravenous antibiotics and 4 patients required 1 or more surgical debridements with intravenous antibiotics. The original treatment records for the remaining patients were not available for review.
Of the 44 patients diagnosed with upper extremity growth arrest, 26 patients (59%) were treated surgically. Surgical indications included pain, deformity, and functional limitations. Eighteen of 24 patients (75%) with distal radius growth arrest underwent a surgical procedure to address abnormal ulnar variance causing pain with ulnar impaction or progressive deformity. Three of 5 patients (60%) with physeal arrest of the distal ulna were treated operatively. Three of 8 patients (38%) with distal humerus growth arrest underwent surgery for functional limitations including decreased range of motion and strength. One of 3 patients (33%) with radial head growth arrest underwent surgery for decreased motion. Operative indication for 1 of 4 patients (25%) with proximal humerus arrest was for functional limitation and decreased range of motion. Lastly, 1 of 6 patients (17%) with metacarpal shortening was treated operatively for aesthetic concerns.
Operative interventions included epiphysiodesis (n=21), lengthening osteotomy (n=8), shortening osteotomy (n=10) (Figure 1) , excision of physeal bar or bone fragment (n=2) (Figure 2) , angular correction osteotomy (n=1), and creation of single bone forearm (n=1). Wrist arthroscopy was used as an adjunct procedure for 3 wrists undergoing ulnar shortening osteotomy and epiphysiodesis, and a distal humeral nonunion was treated with bone graft along with an epiphysiodesis ( Table 2 ). There were 4 complications: 1 deep infection requiring multiple irrigation and debridements, removal of implants, and placement of external fixator; 1 loss of ulnar staple fixation requiring revision; 1 failure of distal ulna physeal arrest after epiphysiodesis; and 1 ulnar nonunion after shortening osteotomy requiring subsequent bone grafting.
discussion
Acquired upper extremity growth arrest leading to limb deformity is a rare but well-recognized phenomenon. The most common etiologies identified in this study included trauma in 50% of the patients and infection in 25%. Forty-four patients were identified with a total of 
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51 physeal arrests, and 26 patients (59%) underwent surgery to address deformity, pain, or functional limitations caused by the physeal arrest. Data from this series of patients confirm that the amount of inequality tolerated and the indications for surgical correction vary widely and are primarily dependent on the specific site of physeal arrest. Multiple factors considered when determining treatment are related to the site of arrest and include the remaining growth potential, number of ossification centers, and the amount of angular deformity or length discrepancy that can be tolerated. Treatment algorithms vary by site and type of arrest. With a partial physeal arrest, if a distinct bar can be identified and is less than 50% of the physeal surface, then bar excision is recommended. If the partial physeal arrest is indistinct or involves more than 50% of the physeal surface, completion of the arrest with an epiphysiodesis is recommended. For the distal radius and ulna, treatment should be focused on achieving joint leveling (neutral ulnar variance). Before skeletal maturity, epiphysiodesis of the longer bone would be recommended for children older than 12 years, and stapling of the physis of the longer bone would be recommended for children younger than 12 years. After skeletal maturity, this can be achieved by lengthening the radius or by shortening the ulna.
Growth arrest can occur following physeal fractures of the elbow (distal humerus and proximal forearm), although any length discrepancy is mild because each of the 3 elbow physes contribute only 10% of the entire upper extremity length. 8 Furthermore, any resulting discrepancy would lead to few, if any, cosmetic defects and no functional limitations. 8 Although limb-length discrepancy is often mild, there can be substantial angular deformity leading to cubitus varus or valgus and the accompanying sequelae, including tardy ulnar nerve palsy and elbow instability. [9] [10] [11] Several different osteotomies have been described to correct the deformity for aesthetic purposes or associated sequelae. [12] [13] [14] [15] [16] [17] [18] [19] [20] Forearm deformity has been the focus of most of the literature regarding upper extremity limb lengthening for several reasons. Although posttraumatic physeal arrest after distal radius fracture is relatively rare, distal radius fractures are extremely common pediatric injuries, with approximately 15% involving the physis. [21] [22] [23] In this study, ulnar fractures also had a high rate of premature physeal closure and required postinjury radiographic assessment to avoid length discrepancy between the radius and ulna.
Furthermore, a small amount of length inequality can profoundly affect wrist biomechanics. With a 2.5-mm positive ulnar variance, the ulna bears 42% of the total axial load across the wrist, compared with 18.4% of the axial load at ulnar neutral variance. 24 Ulnar overgrowth has been associated with ulnocarpal impaction syndrome, abnormal wrist function, distal radioulnar joint instability, and significant impairment of activities of daily living. 25, 26 Altered length or angular relationship between the radius and ulna also may lead to decreased range of motion and strength. 25 The indication for surgery is nearly any symptomatic abnormal ulnar variance or asymptomatic abnormal variance with substantial growth remaining. Rather than increasing the overall length of the extremity, the primary goal of surgery is to create a level joint. Physeal arrest has been described in the fingers after trauma or idiopathic brachymetacarpia. 27, 28 Function typically is not impaired, and aesthetic concerns remain the primary reason for surgery. Brachymetacarpia is due to the premature closure of the epiphyseal growth plate 
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Copyright © SLACK inCorporAted n Feature Article and can be an isolated finding or associated with syndromes or endocrinopathy. Brachymetacarpia can be inherited in an autosomal dominant fashion, arise sporadically, or be acquired secondary to physeal insult [28] [29] [30] [31] with acquired cases of brachymetacarpia usually being unilateral. 31 In the current study, patients were classified as having acquired brachymetacarpia if it was unilateral, not associated with brachymetatarsia or other congenital hand differences or syndromes, and there was a negative family history. Data on lengthening procedures for brachymetacarpia are limited, primarily because there is minimal to no functional impairment, thus aesthetic considerations remain the primary indication for surgery. 27, 28, [30] [31] [32] This is supported by the current study, in which only 1 of 6 patients (17%) underwent surgery.
Although it is universally accepted that patients with open growth plates should be monitored for a period of time after a known physeal insult, there is no standard recommended frequency or length of follow-up. Patients may be lost to follow-up after completion of treatment because of the lack of symptoms while the length discrepancy or angular deformity develops. Physeal arrest was discovered secondary to posttraumatic routine physician radiographic surveillance in only 2 patients; this number is recognizably skewed due to the 49% of patients who were referred. In addition, it has not been established what imaging techniques should be used. Radiographs have been the gold standard given their relative ease of obtainment and low cost. Contralateral radiographs can be obtained for comparison and are helpful in determining mild discrepancy or confirming symmetric anatomical variation.
Newer techniques such as fat-suppressed 3D-spoiled gradient-recalled echo imaging can identify premature physeal bony bridge formation and provide information on the exact location and size of a bony bridge, which can be used for surgical planning. 33 A large and central bridge leads to length discrepancy, whereas a small and peripheral bridge causes an angular deformity. 33 If less than 50% of the physis is involved, the growth arrest may be treated with bridge excision and interposition. 34 Because magnetic resonance imaging (MRI) can identify bony bridges n Feature Article prior to radiographs, treatment can be started early, which potentially leads to lower morbidity surgical interventions and quicker rehabilitation. 26 However, routine use of MRI as a surveillance method for all physeal injuries would be time consuming and cost prohibitive.
There are several limitations to this study, most notably the retrospective study design. However, the rarity of acquired upper extremity growth arrest makes prospectively following this group of patients difficult. In addition, there are no validated functional outcomes, and the data obtained lack uniformity due to the multiple different sites of growth arrest, multiple ages at the time of arrest, and no uniform growth arrest outcome measure.
conclusion
Acquired upper extremity growth arrest was caused most often by trauma or infection, with the most frequent site of growth arrest being the distal radius followed by the distal humerus, metacarpal, distal ulna, proximal humerus, radial head, and olecranon. In this series of patients, the specific site of anatomic growth arrest was the primary factor in determining treatment.
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